Hibernation and enforced hypothermia in mammals are widely different physiologic states. Prior to hibernation there are various preparations for the hibernating state, including polyglandular endocrine involution, fattening and/or food storage, and changes in the saturation of depot fat in some animals. The actual causes for the onset of hibernation are unknown, for most hibernators can remain active at low environmental temperatures for long periods. Entrance into hibernation is under precise physiologic control, with heart rate, respiratory rate, and oxygen consumption slowing before a decline in body temperature. A reasonably high blood pressure is maintained during this period and in deep hibernation by an increased peripheral resistance produced in part by vasoconstriction. Homeostasis is continued in hibernation, as evidenced by a normal blood pH, a sensitivity to inspired C02, and a response to ambient temperature below 0 C. by increased metabolic rate. At any time during entrance into hibernation or during hibernation the animal may arouse from this condition. Arousal is a coordinated physiologic event in which the anterior of the body is warmed rapidly by shivering and other heat generating mechanisms, while warmed blood is shunted from the posterior by differential vasoconstriction until the anterior reaches nearly 37 C. The tissues and organs of mammals that hibernate are capable of useful function at lower temperatures than the tissues of mammals that do not hibernate, but a hypothermed mammal that can hibernate will die in hypothermia even though it lives longer and at a lower temperature than a mammal that can not hibernate. Hibernation must involve a resetting of the " physiologic thermostat," which thus permits a controlled cooling of the animal, but the nature of this "resetting" is not known.
T HE BURGEONING INTEREST in
hypothermia for surgery has aroused some curiosity among physicians in the natural hypothermia that occurs seasonally in mammals that hibernate. There can be no doubt that natural hibernation as practised by many bats, rodents and insectivores is a far less traumatic experience than the hypothermia that is forced on experimental animals, and a study of the former may help to clarify difficulties encountered in the latter. Quite obviously, both hibernation and hypothermia have in common a profound lowering of the usual body temperature of about 37 C., but, beyond this similarity, it is apparent that hibernation in all its phases is a controlled and remarkably regulated condition, while hypothermia consists virtually in a breakdown of temperature regulation that causes a weakening or collapse of other homeostatic mechanisms.
It has often been stated that mammals which hibernate have an inadequate system of temperature regulation so that, when exposed to cold, their temperatures decline and the animals enter the hibernating state. Actually, however, most hibernators that are not prepared for hibernation can stay active and healthy for months or even years at temperatures that are often fatal to the common laboratory animals of the same size.' If, on the other hand, the potential hibernator is prepared for hibernation at the time it is exposed to cold, it may enter the state of hibernation within 24 hours.
Preparation for Hibernation The nature of this preparation for hibernation is not clearly understood, but it is certain that the animal must be ready for hibernation or it will not hibernate. Most of the ground squirrel family become extremely fat as the season for hibernation approaches, but this does not necessarily seem to be correlated with an abundance of succulent foods. There is some evidence that the fatter animals hibernate before the thin ones, but, fat or thin, they all eventually hibernate during the fall months, and come out of the hibernating phase of their yearly cycle when spring arrives. The length of daily illumination has little, if any, effect upon this cycle, and the evidence to date indicates that the cycle is innate and receives few, if any, clues from the environment. 2 Unlike the ground squirrels, the golden hamster is not truly cyclic and, if exposed to cold for sufficient time, will enter hibernation at any time of year. Hamsters store large quantities of food prior to hibernation. If denied the ability to store, hibernation is delayed, as if there were some safety check that will not permit the animal to hibernate without adequate supplies for the winter.3
Hamsters lose fat when exposed to cold prior to hibernation, and the fat that remains is less saturated and hence has a lower melting point than the fat from animals kept in a warm environment ( fig. 1*) . 4 This would seem like a nice mechanism to maintain fat in a liquid condition during hibernation, but we have been able to show, in both hamsters and ground squirrels, that hibernation is not delayed when animals are fed a diet that results in depot fat so saturated that it is actually solid in the hibernating animal. Contrariwise, the onset of hibernation is not accelerated if the animals are fed a diet that results in body fat with a low melting point.
In the small rodent hibernators, lack of nourishment may rapidly induce hibernation. The metabolic budget of a diminutive mammal is extreme, for the high surface-to-mass ratio results in a disproportionately large heat loss. When denied metabolic fuel, the North American pocket mouse (Perognathus) enters the hibernating state and thus reduces its imme- Figure 1 Effect of cold exposure on the saturation of depot fat of hamsters and rats on various diets. Bar graph on right of each pair is the iodine number of the fat of animals exposed to cold. "Newol" is a highly saturated edible fraction of beef tallow.
( The actual entrance into hibernation is under fairly rigid physiologic control, and the decline in body temperature is always slower than it would be if the "thermostat" were quickly changed from a setting of 37 to 5 C. In most of the hibernators, bouts of shivering, often accompanied by gross muscular movements, take place from time to time. On these occasions the heart speeds and the metabolic rate increases. If the bouts are of long duration, the body temperature ceases to drop and often rises transiently. The result is that the animal may enter hibernation by uneven steps rather than in a smooth curve. At least one hibernator, the California ground squirrel, allows its body temperature to drop only part way toward the deeply hibernating state on its first attempt. With each subsequent entrance, the body temperature drops to a lower level, until it finally reaches a body temperature slightly above the ambient temperature of 5 C. (fig. 3t ). It has been suggested that these precisely regulated drops serve to test the state of the animal, so that it never 
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lowers its body temperature below a level for which it is physiologically prepared.9 Furthermore, each entrance into and arousal from hibernation in this animal takes place at a precise time of day, even in the absence of external clues, which suggests that the onset of hibernation is being controlled by some sort of an internal clock.
The circulation during entrance into hibernation in the thirteen-lined ground squirrel is regulated with considerable precision. The first precipitous decline in heart rate, signaling the start of the whole process, causes a drop in blood pressure which, however, remains within the normal values for active animals ( fig. 4 *) The heart continues to slow, both by skipping beats and by reduction in the number of even beats (fig. 5). As hibernation deepens, this becomes more and more exaggerated until, in deep hibernation, the heart rate can be as low as 3 beats a minute, with periods of bradyeardia lasting 30 seconds or more ( fig. 6 ). Peripheral resistance, as indicated by the slope of the diastolic runof, increases with the decline in body temperature, so that the mean blood pressure remains at remarkably high levels for such a slow heart rate. Undoubtedly part of the increase in peripheral resistance is due to the increased blood viscosity at low temperatures, but some of it must also be caused by vasoconstriction, for vasodilators and adrenergic blocking agents cause a decrease in peripheral resistance accompanied by an increase in heart rate that may be in part compensatory ( fig. 7 ). Since the temperature in every part of the body declines at an equal rate (see figs. 2 and 4), it is apparent that the vasoconstriction is generalized, and not confined to certain organs or areas.'0
The preferential ambient temperature for hibernation in most mammals is a few degrees above the freezing point of water. As the body temperature approaches that of the environment, the body temperature curve be- comes asymptotic, and, if the ambient temperature does not suddenly rise, the body temperature always remains slightly higher than the environment. The hibernating mammal is curled in a tight ball, with only the back exposed in the nest, and the low metabolic rate is enough to maintain this temperature difference. Bats, which must roost and hibernate in an extended position, have a body temperature identical with the environment if they are forced to hibernate singly.
In deep hibernation the metabolic rate is often less than one-fiftieth of that of the awake animal at rest, and the body temperature may be as low as 3 C. In spite of this, the animal maintains a remarkable degree of homeostasis. Although the blood sugar is low in some species during hibernation, it is normal in others. The pH is essentially normal, and pCO2 is low compared to the active animal. In hibernation the respiratory centers remain remarkably sensitive, for an increase of ambient CO2 above 4 per cent will cause an increase in the respiratory rate. The hibernating animal also retains a certain degree of homeothermism. Between ambient temperatures of about 4 and 15 C., the body temperature passively follows the temperature of the environment. If the ambient temperature slowly drops to 0 C. or lower, the metabolic rate is increased and body temperature is maintained above the freezing point. Some- Bloodl press re (i itnl. lJy), in heart rate accompanied by a decrease in peripheral resistance.10 The exact sequence of events is difficult to time, but respiratory rate and oxygen consumption rise before a detectable rise in body temperature. In the animals examined to date, the heart rate increases for several minutes before the blood pressure begins to rise ( fig. 9 ). Once arousal is well under way, the rise in blood pressure is rapid and is accompanied by an everincreasing metabolic rate. Shivering, which at first can only be determined electromyographically, soon becomes so gross that the whole anterior portion of the animal shakes with the effort.
It is characteristic of waking hibernators that the anterior of the animal warms rapidly, while the posterior remains near the temperature of deep hibernation (see fig. 9 ). This interesting economy of effort is caused by a circulatory control that appears to be an exaggeration of an ability found in nonhibernating mammals. The rat rewarming from hypothermia shows some of the same capabilities but not to such a refined extent.'8 Injection of radiopaque material into the left ventricle of hamsters arousing from hibernation has demonstrated that circulation to Circulation, Volume XXIV, August 1961 the posterior part of the body is itlhil)itedl, and it is reasonable to assume that this is accomplished by differential vasoconstriction so that the circulation is mostly confined to the heart, lungs and brain (figs. 10* and 11).
As arousal continues, the anterior portion of the body warms to nearly 37 C. before the rectal temperature changes markedly. The rectal temperature then rises rapidly and within a few minutes the body temperature of the whole animal has returned to the condition found during the normal active state. While the anterior part of the ground squirrel is warming, the mean aortic blood pressure continues to rise, but, once the posterior starts to warm, the blood pressure either drops or remains level (see fig. 9 ). It seems probable that the heart is able to develop and maintain a very high blood pressure when the blood flow is restricted but that, when the whole circulation is dilated, it cannot compensate for the decrease in total peripheral resistance. The importance of differential vasoconstriction during the warming LYAMAN Figure 11 Radiopaque material injected ii to heart of hamste r wa/an from hibrernatio. X rail taken 4 seconds after inojetion. Aote (lac of circa/a tnen to the post( nor.
injection of liorepiiepliripme durinog the wakiug process. If such Canl illj'ctioni iS (earie(l out while the rectal temiperalture is rising rapi(llv, the temLp)erature ceases to rise for several miniutes and the blood pressure increases.
A series of such injections at intervals will cause the rectal temperature to rise in a stepwise fashion."'-The arousal from hiberniation involves a great metabolic effort and it has been calculated that as muchl energy is spent in one arousal as in 10 days of hibernationi. Oxygen consumptioi rises rapidly as the anterior of the animal warms anmd reaches a peak at about the time the temperature of the anterior body attains 37 C. At tlie high l)oint of metabolic effort, oxygen conisumiiption is at least as great as in an a('tive amiimal under conditions of maximum stress fromt exercise. nli heart rate at the peak of metabolic effort is oftent 100 times as fast as the slow rate of hibernation. The, whole aniilmial seems geared to warm from its low body-temnperature in the least l)ossible time, and the heart, beating at, a rapid 16 and 10 C.. while the hearts of sonic animiials that hiiberitate will conitniue ani oi'gaiiized l)eat at -l C. At slilgtly-below this temperature, the loo(l itself would freeze. If the heart rate is plotte(I a gainist telnl)erature iii time l)erfilsed, isolated heart of a nionlhib)eriiatinlg manimal, the graph is nearly linear, anii(l the temliil)eratlirei at which the heart will stop) ( 22) result of the developlme(niit of the hibernatingT habit.24 For those who consider hibernation a prinmitive charaetcristic, it, is of sonic, interest that tile imost )rliinitive living rodlenlt, the mountain hea+ver ( Aplodonitia), possesses a heart that is as sensitive to low temperatures as one of the imiost plhylogneiietiea]lv advanced roclents, the Norway rat (see fig. 13 ).
The Physiologic Thermostat If one grants that the hibernators as a group possess organs and tissues that function alone among the vast array of mammals as a Class. The "resetting" must involve changes in both the somatic and autonomic nervous systems, but the precise nature of these changes is largely a mystery. We know that the changes must be coordinated and that every change must be reversible, so that it is not likely that some sort of endogenous metabolic depressant plays a key role in the process. It may be that hibernation is an exaggerated form of sleep. If so, it is a big enough problem to keep us busy for some time.
